COMMUNICATIONS
Experiments involving the coincident detection of the two monocationic products (Ne ϩ and N ϩ ) from the dissociative electron transfer reaction between Ne 2ϩ and N 2 at 7.8 eV collision energy allow the nascent velocity vectors of the ionic and neutral ͑N͒ products to be determined. Examination of the correlations between these vectors shows that one pathway to the products involves the dissociation of a transitory collision complex (N 2 The interactions of doubly charged atoms and molecules ͑dications͒ with neutral molecules at low collision energies exhibit many properties of fundamental interest. [1] [2] [3] At collision energies below 10 eV the significant interaction time between the reactants allows processes which form chemical bonds to occur. 1,4 -7 Further, the presence of two charges in the collision system means that electron transfer, and many bond-forming reactions, result in the formation of a pair of singly charged products which possess considerable translational energy. 1 Recent studies also show that dicationic species may contribute significantly to the ion density in planetary ionospheres 8 and the high internal energy of molecular dications has also made them a candidate for energy storage media. 9 In order to evaluate the importance of dications in these roles, an understanding of dication-neutral interactions is required.
The electron transfer processes of atomic dications have been extensively investigated at high collision energies ͑Ͼ100 eV͒. 2, 3 However, significantly less attention has been paid to the dissociative electron transfer reactions of atomic dications with neutral molecules especially at collision energies below 10 eV. 1 This lack of attention arises as the dissociation of the monocation derived from the neutral molecule significantly complicates the interpretation of translational energy spectra when only the fast monocation derived from the incident dication is detected.
1,2 However, the accepted mechanism of a dissociative dication electron transfer reaction in the low energy regime is a sequential process where the initial electron transfer, from the neutral to the dication, generates an excited electronic state of one ͑or both͒ of the primary product monocations which subsequently dissociates to yield the observed daughter monocation. 1, 4 Studies of the angular distribution of CO ϩ formed in collisions of CO 2 2ϩ with D 2 show that the above sequential mechanism is operating, via population of the C 2 ⌺ g ϩ state of CO 2 ϩ .
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Here we report the results from an investigation of the kinematics of the dissociative electron transfer reactions of Ne 2ϩ with N 2 at a center-of-mass collision energy of 7.8 eV using a new position-sensitive coincidence experiment. 5, 11, 12 These results clearly indicate that, in contrast to the accepted mechanism outlined above, one route to the products of this reaction (Ne ϩ ϩN ϩ ϩN) involves the dissociation of a triatomic transitory species formed by the temporary association of the reactants.
The details of the experimental apparatus employed in this investigation have been described before. 12 A pulsed and energy selected beam of Ne 2ϩ interacts with an effusive jet of N 2 in a field-free interaction region which doubles as the source region of a time-of-flight mass spectrometer ͑TOFMS͒. When a reactant ion pulse reaches the center of the interaction region an electric field is applied to extract product ions and unreacted dications into the TOFMS where pairs of ions are detected in coincidence at a fast positionsensitive detector. Operating with a low dication beam flux, and a low pressure (10 Ϫ6 Torr) of N 2 , the pairs of ions we detect are dominated by those formed in the same Ne 2ϩ ϩN 2 collision. From these data we can extract the initial velocity vectors of the product (Ne ϩ and N ϩ ) ions in the laboratory frame. These velocities can be readily converted to the center-of-mass ͑COM͒ frame using the velocity of the COM v c . Our processed data set is, hence, a list of pairs of COM velocity vectors (w 1 (i),w 2 (i)) from the reactive events we detect. For each of these events, via conservation of momentum in the COM frame, we can calculate the nascent COM velocity vector w 3 (i) of the accompanying N atom. 5 To understand the dynamics of the reaction we must then examine the relationships between w 1 , w 2 , and w 3 . Figure 1 shows the scattering diagram for the events we detect forming Ne ϩ and N ϩ . Clearly, the Ne ϩ products are predominantly forward scattered, whilst the N ϩ ions exhibit three clear channels involving forward, sideways and backward scattering with relative intensities of 100:223:197, respectively. From our data we can examine the dynamics for an individual reactive channel by selecting from our dataset just the reactive events which involve sideways scattering of the N ϩ ions ͑Channel A, Fig. 1͒ . When the data for Channel A are selected and examined ͑Fig. 2͒, we see clearly that there is a fixed angular relationship between the initial velocities of all three products. Such a fixed angular relationship between the product ions formed in a reactive process is that expected for the concerted decay of a ͓NeN 2 ͔ 2ϩ collision complex. Indeed, similar distributions have been observed for the decay of the dissociative states of molecular dications. 13 We do not detect any events involving the simultaneous formation of three ions. This eliminates the possibility that the events we detect arise from the dissociation of N 2 2ϩ , formed via autoionization of a highly excited state of N 2 ϩ generated in the initial electron transfer between Ne 2ϩ and N 2 . However, before being able to unambiguously attribute the scattering in this channel to the formation of a transitory collision complex we must show that the scattering we would detect for a sequential dissociative electron transfer is readily distinguished from that which we observe experimentally.
A sequential pathway for this dissociative electron transfer reaction would involve the decay of an excited electronic state of the N 2 monocation (N 2 ϩ *) to N ϩ ϩN. This decay could be fast, within the field of the Ne ϩ ion, or slow, when the N 2 ϩ * and Ne ϩ are well separated. Slow dissociation of the N 2 ϩ * will result in w(N ϩ ) and w͑N͒ being isotropically distributed about w(N 2 ϩ *), the limiting velocity of the N 2 ϩ * ion. Conservation of momentum in the separation of the Ne ϩ and N 2 ϩ * will result in w(N 2 ϩ *) being directed antiparallel to w(Ne ϩ ). These points explain the general form of the scattering diagram generated by a Monte Carlo classical trajectory simulation of this mechanism ͓Fig. 3͑a͔͒. This general style of scattering diagram has been observed experimentally for the slow dissociation of both the dicationic collision complex and the primary product monocation in bond-forming chemical reactions of CF 2 2ϩ with H 2 O. 5 For fast dissociation of N 2 the Coulomb repulsion is predominantly between the Ne ϩ and N ϩ . This repulsion will result in w(N ϩ ) and w(Ne ϩ ) being significantly larger than w͑N͒, and being directed effectively at 180°to each other. A Monte Carlo classical trajectory simulation of this fast mechanism results in the scattering diagram shown in Fig. 3͑b͒ . Scattering diagrams of this ͓Fig. 3͑b͔͒ form following the sequential dissociation of a monocation in the field of the other charged product have been observed before for the dissociation of CF 3 ϩ * to CF 2 ϩ . 5 Comparing Fig. 3͑a͒ and Fig. 3͑b͒ we see that the isotropic distribution ͓Fig. 3͑a͔͒ of N ϩ and N velocities about the velocity of N 2 ϩ * has been distorted in the fast dissociation ͓Fig. 3͑b͔͒ due to the influence of the Coulomb field of the Ne ϩ ion. By inspection of Fig. 2 and Fig. 3 it is clear there are fundamental differences between the form of the experimental data ͑Fig. 2͒ and the form of the scattering diagrams ͑Fig. 3͒ expected, and observed, for the sequential electron transfer mechanism. The key difference is the fixed angular relationship between all three product vectors in our experimental data ͑Fig. 2͒ which is not present for the sequential pathways. Hence, we conclude that the sideways scattered N ϩ ions in this dissociative electron transfer channel arise via the formation of a transitory ͓NeN 2 ͔ 2ϩ intermediate. Indeed, the sharp angular relationship between the velocity vectors of the three product ions is very similar to that ob- served in the three-body unimolecular dissociation of the doubly charged ions formed by photoionization of neutral molecules. 13 Further evidence for the formation of a collision complex in this channel comes from inspection of the Ne ϩ scattering angle which we can extract from our experimental data. These angular distributions show that the Ne ϩ ions in Channel A are scattered both forwards and backwards over a large range of angles in the COM frame, characteristic of snarled trajectories which explore a local minimum in the reactive potential energy surface. 10, 14 Conversely, the Ne ϩ ions formed in Channel B are strongly forward scattered, more indicative of a sequential mechanism as we discuss below.
The internal frame scattering ͑Fig. 2͒ indicates that the ͓Ne-N 2 ͔ 2ϩ intermediate is distinctly nonlinear when it dissociates. By analogy with the isoelectronic N 2 O molecule, a strongly bound linear minimum should exist on the singlet ͓Ne-N 2 ͔ 2ϩ potential energy surface. This expectation is confirmed by electronic structure calculations ͑MP2, aug-ccpVTZ͒ using GAUSSIAN 98 ͑Ref. 15͒ which reveal a linear minimum 21.9 eV below the lowest ͑triplet͒ reactant asymptote. However, the majority of the Ne 2ϩ ions in our beam are in the ground 3 P state. 16, 17 Hence, we expect the majority of encounters to occur on a triplet surface. To explore the feasibility of nonlinear minima existing on a triplet surface we have attempted to locate such stationary points theoretically. 15 Geometry optimizations of triplet states using an aug-cc-pVTZ basis set and a CIS algorithm 15 have identified two minima of C 2v symmetry lying 17.4 and 12.6 eV below the lowest reactant asymptote. While our calculations are not a complete exploration of the accessible ͓Ne-N 2 ͔ 2ϩ potential energy surfaces, they certainly support the conclusion from the experimental data that nonlinear potential energy minima of triplet spin symmetry are energetically available. Indeed, in one of these minima a significant percentage of the dipositive charge is carried by the nitrogen atoms. In the dissociation of such a transitory complex all three atoms should receive a significant impulse before the two positive charges finally localize to form Ne ϩ and N ϩ . Such a model of continuous electron transfer between the fragments of dicationic fragmentation, until the fragments separate sufficiently for the charges to localize, has been successfully used to model the fragmentation of small molecular dications. 18 The center-of-mass kinetic energy release in Channel A, which we can calculate from the magnitudes of the product velocity vectors, 11 is centered at 25.7 eV with a FWHM of 8.6 eV. This kinetic energy release distribution corresponds to a range of reaction exoergicities, the energy separation of product and reactant states, of between 13.6 and 22.2 eV. This range of reaction exoergicities correlates well with the formation of N ϩ , N, and Ne ϩ in their ground electronic configurations from the 2p 4 configuration of Ne 2ϩ . However, the significant number of electronic states within these electronic configurations cannot be energetically resolved.
Having established that Channel A involves a collision complex, we now examine Channel B ͑Fig. 1͒ which produces backward scattered N ϩ ions. In this channel ͓Fig. 4͑a͔͒ we clearly see that the N ϩ and Ne ϩ separate at an angle closer to 180°with the neutral N atom having a much lower center-of-mass velocity than the charged products. This internal frame scattering ͓Fig. 4͑a͔͒ bears little immediate similarity to the prototypical scattering expected for a conventional sequential electron transfer reaction ͑Fig. 3͒ and could be explained as the dissociation of a linear collision complex, perhaps involving the deep minimum on the singlet potential surface. However, the strong forward scattering of Ne ϩ in this system and the associated backward scattering of the N ϩ ion is indicative of a conventional electron transfer reaction and not of complexation. 1, 10, 11, 14 In addition, as indicated in Fig. 4 , w(N ϩ ) and w͑N͒ seem to be partially distributed about a circle centered at a precursor velocity displaced from the center of mass. Simulating a sequential dissociative electron transfer process, using our Monte Carlo classical trajectory algorithm, qualitative agreement with the form of the experimental data ͑Fig. 4͒ is obtained when we include: ͑i͒ the interaction between the quadrupole of the N 2 molecule and the Ne 2ϩ ion, ͑ii͒ a N 2 ϩ * lifetime of 60 fs, and ͑iii͒ a Gaussian energy release when the N 2 ϩ * ion dissociates centered at 8 eV with a half width of 6 eV, with the charge being carried by the atom furthest from the Ne ϩ ion. It does not seem unreasonable that an N 2 ϩ ion dissociating in the field of a Ne ϩ ion will be polarized such that the charge finally resides on the nitrogen furthest from the Ne ϩ . Certainly such an asymmetry in the dissociation is required for the simulation to generate the general form of the experimental data. Comparing the simulated and experimental data ͓Fig. 4͑a͔͒, we can see the experimental data displays an average angle between w(N ϩ ) and w(Ne ϩ ) closer to 180°t han the simulation. Perhaps, if this channel proceeds on the singlet potential energy surface, the influence of the linear local minimum, which is not included in our classical potential, may account for this increased colinearity.
Considering the energetics of Channel B, previous studies of the translational energy spectra of Ne ϩ ions generated in significantly higher energy ͑400-1600 eV͒ collisions of Ne 2ϩ with N 2 attributed a broad feature to the population of the N 2 ϩ (2 g Ϫ1 , 2 ⌺ g ϩ ) state at 20.6 -22.6 eV above the ground state of N 2 ϩ . 19 Experiments have shown that electronic states of N 2 ϩ in this energy range dissociate to a ground state N ϩ ion and a nitrogen atom in a variety of excited states 20, 21 with energy releases up to 12 eV, 21 in accord with the significant ͑8 eV͒ energy release required to model the experimental data in our simulations. The dissociation of the N 2 ϩ (2 g Ϫ1 , 2 ⌺ g ϩ ) state proceeds to a limit about 11.9 eV above the ground state of N 2 ϩ , although it seems clear that a Figure 4͑a͒ is the experimental data the lower 4͑b͒ is a simulation. The circle in the figure is of radius 0.8 cm s Ϫ1 displaced 0.6 cm s Ϫ1 from the center of mass.
range of excited states are formed. 20 The kinetic energy release distribution we determine experimentally for this channel corresponds to an exoergicity distribution centred at 14.2 eV with a FWHM of 8.0 eV. Adding this exoergicity to the dissociation asymptote for the N 2 ϩ (2 g Ϫ1 , 2 ⌺ g ϩ ) state indicates the products in this channel stem from a reactant asymptote 59-67 eV above the ground states of Ne and N 2 , in good agreement with the electronic states arising from the 2 p 4 configuration of Ne 2ϩ which make up our beam. In conclusion, our experiments show the formation of N ϩ ϩNϩNe ϩ from Ne 2ϩ and N 2 in this low energy regime proceeds by two different pathways. One pathway ͑A͒ involves the formation of a transitory collision complex and the other pathway ͑B͒ appears consistent with a fast sequential process.
